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ABSTRACT
If axions exist they are eciently produced in the hot and dense interior of stars,
providing a novel energy-loss mechanism. In order to avoid a conict with the ob-
served properties of stars, one can derive a lower limit on the Peccei-Quinn scale
(an upper limit on the axion mass). In the early universe, axions are produced by
the \misalignment mechanism" and the emission from global strings as well as the
relaxation of the string-domain wall system formed at the QCD phase transition. In
order to avoid an \overclosed universe" the Peccei-Quinn scale must obey an upper
limit (a lower limit on the axion mass). The current values of these bounds are re-












large uncertainties on either side, where axions could still exist.
y
Contribution to the Proceedings of the XVth Moriond workshop \Dark Mat-
ter in Cosmology, Clocks, and Tests of Fundamental Laws", Villars-sur-Ollon,
Switzerland, January 21{28, 1995.
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I. INTRODUCTION
The interest in axions as a possible dark matter candidate has recently soared
thanks to the heroic progress made by the two groups who are currently mounting
new search experiments which have a realistic chance of nding these elusive particles
if they are the dark matter of the galaxy
1)
. For such eorts to make sense one
needs to understand the \window of opportunity" where axions are not excluded by
astrophysical and cosmological arguments. It is well known that the requirement
that stars must not lose energy too eciently by axions leads to a lower limit on the
Peccei-Quinn scale f
a
which can be translated into an upper limit on the axion mass
by virtue of the relationship m
a




). It is also well known that
the early-universe non-thermal production mechanism leads to an upper bound on
f
a
(lower bound on m
a
) lest axions \overclose" the universe. About four years ago
several reviews on these topics seemed to be more or less the last word
2)
. However,
several aspects of these arguments have been modied or rened since and so, it is a
good time to review the current situation.
II. STELLAR LIMITS









) (E=N   1:92 0:08).
Here, the parameter E=N is a model-dependent fraction of small integers. This
coupling allows for the axion decay a ! 2 as well as for the Primako conversion
a$  in the presence of external electric or magnetic elds. Because charged particles
and photons are abundant in the interior of stars, the hot plasma is an ecient source
for the emission of axions. The emission rate with a proper inclusion of screening
eects was calculated by virtue of a simple kinetic treatment
3)
. Recently, it was
calculated in the framework of eld theory at nite temperature and density based
on the picture that the uctuating E B term in the plasma is a source for the axion
eld
4)
. In the relevant limit of a classical plasma both calculations yield the same
result.
The Primako-produced solar axion ux may be searched for with an \axion
helioscope" where an x-ray detector looks at the Sun through a long dipole magnet
5)
.
A rst experiment has yielded a negative result
6)
. A far more ambitious eort is
under way in Novosibirsk where an accelerator dipole magnet was gimballed such
2
that it can follow the Sun; rst results are expected later this year
7)
.
Unfortunately, such eorts are likely in vain because the backreaction of stellar
axion emission allows one to derive very restrictive limits on g
a
. A novel energy-loss
mechanism would accelerate the consumption of nuclear fuel in stars and thus lead
to the shortening of stellar lifetimes. A case where axion emission would be ecient
and the stellar lifetime is well established are low-mass helium-burning stars, so-called





, T  10
8
K) so that axion emission is strongly suppressed relative to




, T  10
8
K) whence the number ratio of these
stars in globular clusters is a sensitive measure for the operation of axionic energy
losses. The observed number ratios agree with standard theoretical expectations to















0:4 eV. The previous \red
giant limit" is less restrictive because it was based on the statistically less signicant
determination of the helium-burning lifetime of the \clump giants" in open clusters
9)
.



















a model-dependent factor of order unity. For most purposes this derivative
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might dominate the cooling of white dwarfs such as the ZZ Ceti star G117{B15A
for which the cooling speed has been established by a direct measurement of the
decrease of its pulsation period
10)
. Because of this suggestion, a new bound on g
ae
was derived by a method similar to the above number counts in globular clusters
11)
.














 is the currently best
bound on the axion-electron coupling, but it does not quite exclude the possibility
that axions could play a certain role in white dwarf cooling.
These bounds are summarized in Fig. 1. For m
a
in excess of typical tempera-
tures in the interior of HB stars and red giants (T  10 keV) the axion production
would be suppressed. However, the bounds likely reach to larger masses than indi-
cated in Fig. 1 as axions interact quite \strongly" for such large masses and so, they
would contribute signicantly to the transfer of energy even if their production is
substantially Boltzmann-suppressed.
3
The limits on the axion-photon and axion-electron couplings have been im-
proved somewhat over the past year by a more careful execution of the previous
arguments. For the axion-nucleon coupling the trend goes in the opposite direction.
The most signicant limit is from the cooling speed of nascent neutron stars as estab-
lished by the duration of the neutrino signal from the supernova (SN) 1987A. Apart
from the well-known overall uncertainty of any argument based on only 20 observed
events there is an additional problem related to calculations of the axion emission
rate from the hot and dense nuclear medium that is believed to exist in the interior
of a SN core after collapse.

















a so that in the relevant nonrelativistic limit the axion momentum cou-
ples to the nucleon spin. These spins uctuate fast due to the nucleon-nucleon inter-
action by a spin-dependent force and so, axions are eciently produced. In a naive
perturbative picture the emission rate is computed on the basis of a bremsstrahlung
amplitude NN ! NNa with the nucleons interacting by pion exchange. The result-
ing spin uctuation rate, however, is found to be so large that one would expect the
axion emission rate to be suppressed by destructive interference eects between the
axions emitted in subsequent kicks of the nucleon spin. Moreover, the neutrino opaci-
ties also depend mostly on an axial-vector coupling. Fast spin-uctuations would lead
to an averaging eect so that neutrinos would no longer \see" a spin and hence could
leave the star faster than expected in standard calculations which ignored spin uc-
tuations entirely. Clearly, neutrino opacities and axion emissivities should be based
on a consistent form of the spin-density structure function of the nuclear medium
12)
.
A recent numerical study of neutron star cooling with modied opacities yields
agreement with the SN 1987A signal duration only if the opacities are not suppressed
very much
13)
. This indicates that the spin uctuation rate should be far lower than
expected in the naive bremsstrahlung picture. The study of Ref. 13 indicates that for
the conditions of a SN core (T  30MeV) the bremsstrahlung rate should saturate







This is about an order of magnitude less restrictive than had been thought previously.
If axions interact too strongly they are trapped and contribute to the transfer of










However, axions with masses larger than this, i.e., with stronger interactions,
could actually cause a signicant contribution to the signal measured at the IMB
and Kamiokande II water Cherenkov detectors by their absorption on
16
O and the

















GeV) they would have
come into thermal equilibrium before the QCD phase transition and so, we would have
a background sea of invisible axions in analogy to the one expected for neutrinos
16)
.
This parameter range is excluded by the astrophysical arguments summarized in
Fig. 1 and so, axions must be so weakly interacting that they have never come
into thermal equilibrium. Still, the well-known misalignment mechanism will excite
coherent oscillations of the axion eld
17)
: When the temperature of the universe falls
below f
a
the axion eld settles somewhere in the brim of its Mexican hat potential.
When the hat tilts at the QCD phase transition, corresponding to the appearance of
a mass term for the axion, the eld begins to move and nally oscillates when the
expansion rate of the universe has become smaller than the axion mass. In units of

























The stated range reects recognized uncertainties of the cosmic conditions at the QCD
phase transition and uncertainties in the calculations of the temperature-dependent
axion mass. The cosmic axion density thus depends on the initial misalignment angle

i
which could have any value in the range 0   . The function F (
i
) encapsules
anharmonic corrections to the axion potential for   0. (For a recent analytic
determination of F see Ref. 18.)
The age of the universe indicates that 
h
2
 0:3, causing a problem with

 = 1 models if h is around 0.8 as indicated by recent measurements. For the present





= 0:3  2
1
for axions which constitute the dark matter where
5
the adopted uncertainty of a factor of 2 likely covers the whole range of plausible
cosmological models. Then, axions with m
a
= O(1eV) are the cosmic dark matter
if 
i
is of order 1.




GeV) is far below
the GUT scale one may speculate that cosmic ination, if it occurred at all, did not
occur after the PQ phase transition. If it did not occur at all, or if it did occur before




, the axion eld will start with a dierent 
i
in
each region which is causally connected at T  f
a
and so, one has to average over
all possibilities to obtain the present-day axion density. More importantly, because
axions are the Nambu-Goldstone mode of a complex Higgs eld after the spontaneous
breaking of a global U(1) symmetry, cosmic axion strings will form by the Kibble
mechanism
19)
. The motion of these global strings is damped primarily by the emission
of axions rather than by gravitational waves. At the QCD phase transition, the U(1)
symmetry is explicitly broken (axions acquire a mass) and so, domain walls bounded
by strings will form, get sliced up by the interaction with strings, and the whole string
and domain wall system will quickly decay into axions. This complicated sequence of
events leads to the production of the dominant contribution of cosmic axions. Most
of them are produced near the QCD transition at T  
QCD
 200MeV. After
they acquire a mass they are nonrelativistic or mildly relativistic so that they are
quickly redshifted to nonrelativistic velocities. Thus, even the string and domain-
wall produced axions form a cold dark matter component.
In their recent treatment of axion radiation from global strings, Battye and
Shellard
20)
found that the dominant source of axion radiation are string loops rather
than long strings, contrary to what was assumed in the previous works by Davis
19)
and Davis and Shellard
21)
. At a given cosmic time t the average loop creation size
is parametrized as h`i = t while the radiation power from loops is P =  with 
the renormalized string tension. The exact values of the parameters  and  are not
known; the cosmic axion density is a function of the combination =. For = < 1





on = is found to be rather weak. Battye and Shellard













, about an order
of magnitude smaller than originally found by Davis and Shellard
19;21)
. The overall





= 0:3  2
1
the
mass of dark-matter axions is found to be m
a
= 30   1000eV; the cosmologically
6
excluded range of axion masses is indicated in Fig. 1.
These results are plagued with systematic uncertainties. Battye and Shellard
argue that the largest uncertainty was the impact of the backreaction of axion emis-
sion on the string network. (They believe that a current numerical study
22)
will
allow them to pin down the parameter = to within, say, a factor of 2.) Further,
Sikivie and his collaborators
23)
have consistently argued that the motion of global
strings was overdamped, leading to an axion spectrum emitted from strings or loops
with a at frequency spectrum. In Battye and Shellard's treatment, wavelengths
corresponding to the loop size are strongly peaked, the motion is not overdamped.
In Sikivie et al.'s picture, much more of the string-radiated energy goes into kinetic
axion energy which is redshifted so that ultimately there are fewer axions; it was ar-
gued that the cosmic axion density was then of order the misalignment contribution.
Therefore, following Sikivie et al. one would estimate the mass of dark-matter axions
at about m
a
= 4   150eV where the range reects the same overall uncertainties
that bedevil the Battye and Shellard estimate, or the misalignment contribution.
While the cosmic axion bounds claimed by both groups of authors still dier
signicantly, the overall uncertainty within either scenario is larger than the mutual
disagreement, i.e., the range of masses where axions could be the dark matter over-
laps signicantly between the predictions of the two groups (Fig. 1). Moreover, there
remain dicult to control uncertainties, for example, with the \dilute instanton gas"
calculation of the temperature-dependent axion mass near the QCD phase transi-
tion. There may be other unaccounted systematic problems which may increase the
adopted uncertainty of the cosmic mass prediction which is represented in Fig. 1 by
the slanted end of the cosmic exclusion bar. Still, it would be of great importance to
resolve the disagreement between the two groups of authors once and for all.
IV. PHASE SPACE DISTRIBUTION
Even though axions play the role of a cold dark matter candidate, their phase-
space distribution in the galaxy may well exhibit novel features which are of relevance
for the search experiments. Hogan and Rees
24)
have pointed out that the dierent
initial misalignment angles of the axion eld in dierent causally connected regions
lead to density uctuations which are nonlinear from the very beginning of matter
domination in the early universe. This leads to the formation of \axion mini clusters"
7
which may partially survive galaxy formation and thus can be found in the Milky
Way today. For a suitably large initial density contrast these clusters can condense
into axionic boson stars by virtue of higher-order axion-axion couplings
25)
. The
collision rate of mini clusters with the solar system would be low so that the direct
search experiments need sucient sensitivity to pick up the diuse component of the
galactic axions. While it appears unlikely that a large fraction of the galactic axions
is locked up in mini clusters this is an issue that may deserve further study.
Another interesting possibility is that axions may have maintained some of
their initial phase-space distribution, i.e., that they are not fully virialized in the
galaxy. Then, the axion velocity distribution would exhibit very narrow peaks
26)
which ultimately could be studied in the laboratory. The velocity distribution of




The astrophysical and cosmological limits on axions leave a narrow window of
parameters where axions could still exist (Fig. 1); they would then be a signicant
fraction or all of the dark matter of the universe. While the SN 1987A as well as the
cosmological bound are each very uncertain, there is a recent trend toward an allowed
range near m
a
= O(1meV) where no current or proposed experimental eort appears
to be sensitive. Of course, the overall quantitative uncertainty of the predicted cosmic
axion density is large, especially if one includes the possibility of late-time ination
after the Peccei-Quinn phase transition or late-time entropy production after the
QCD phase transition. Therefore, the microwave cavity experiments in Livermore
and Kyoto no doubt have a fair chance of detecting galactic axions if they are the
dark matter. Still, suggestions for a meV-axion detector are hugely welcome!
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Figure 1: Summary of astrophysical and cosmological axion bounds as described in
the text. The hatched exclusion regime from globular cluster stars assumes an axion-
photon coupling corresponding to E=N = 8=3 as in GUT models. The bound \DFSZ
axions only" is based on an axion-electron coupling with cos
2
 = 1. The uncertainty
of the SN 1987A cooling limit, indicated by the sloping end of the exclusion bar, is
only a crude estimate. The Livermore and Kyoto Search experiments are discussed
by K. van Bibber and S. Matsuki in their contributions to these proceedings.
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